We describe a method to perform high spatial resolution measurement of the position and density of inter-band impurity states in non-stoichiometric oxides using ultra-high energy resolution electron energy-loss spectroscopy (EELS). This can be employed to study optical and electronic properties of atomic and nanoscale defects in electrically-conducting and optically-active oxides. We employ a monochromated scanning transmission electron microscope with subnanometer diameter electron probe, making this technique suitable for correlating spectroscopic information with high spatial resolution images from small objects such as nanoparticles, surfaces or interfaces. The specific experimental approach outlined here provides direct measurement of the Pr inter-band impurity states in Pr 0.1 Ce 0.9 O 2 À δ via valence-loss EELS, which is interpreted with valence-loss spectral simulation based on density of states data to determine the energy level and character of the inter-band state. Additionally, observation of optical color change upon chemically-induced oxygen non-stoichiometry indicates that the population of the inter-band state is accompanied by an energy level shift within the bandgap.
Introduction
Describing how variations in nanoscale structure and composition affect local electronic and optical properties is critical to developing a fundamental understanding of atomic, nanoscale and mesoscale properties of condensed matter [1] . Experimental methods to explore these relationships require a correlative approach to atomic resolution imaging and spectroscopy, and high spatial resolution should allow electronic states associated with nanoparticles and defects such as dislocations or grain boundaries to be mapped and correlated with defect atomic structure [2, 3] . For insulators, defects often give rise to states within the bandgap which may often control charge transport properties as well as optical properties. Correlating these states with local structure and composition is the key to understanding and controlling the material properties. Recent developments in monochromated electron energy-loss spectroscopy (EELS) in the aberration-corrected scanning transmission electron microscope (AC-STEM) offer new opportunities for local nanoscale probing of bandgap states, and correlation with structure and chemistry at the 0.1 nm level. The ability to now correlate atomic structure with loss features down to a hundred meV in the energy-loss spectrum represents a powerful tool for characterizing electronic and optical properties of materials-especially semiconductors and insulators, with defects such as surfaces, grain boundaries and interfaces. Here we quantify the energy, width and relative intensity of the density of states within the band gap that are created when solute Pr ions are added to CeO 2 nanoparticles.
The Pr x Ce 1 À x O 2 À δ (PCO) system exhibits mixed ionic-electronic conduction at intermediate temperatures making it attractive in applications demanding counter diffusion of electrons and oxygen ions, such as solid oxide fuel cell electrodes and membranes [4] . We employ a monochromated AC-STEM which combines subnanometer electron probe diameter and EELS with ultra-high energy resolution of 15 meV [5] . The high energy resolution together with an improved modulation transfer function greatly enhances the detection limits for states within the bandgap which have often been obscured by the intense tails on the zero-loss peak (ZLP) in EELS. Here, EELS allows the width and energy position of the state to be determined with respect to the top of the valence band, while optical observations of chemically-induced color changes are employed to provide further information on the Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/ultramic energy shift of the inter-band state when the Pr oxidation state is changed.
Ceria (CeO 2 ) is an insulating oxide which forms mobile oxygen vacancies under strongly reducing conditions or at elevated temperatures, and accommodates the addition of aliovalent cations to form oxygen-deficient solid solutions with wide-ranging electrical, optical and catalytic properties [6, 7] . For example, the ability to enhance redox activity or oxygen ionic conductivity by adding fixed-valence metal cations such as Y 3 þ , Ca 2 þ , Sm 3 þ or Gd 3 þ has made these mixed oxides attractive options for device applications such as oxygen permeation membranes, gas sensors and solid oxide fuel cells [8] [9] [10] . The situation is rather more interesting when the added cation is-like Ce, multivalent. For example, in the PCO system an impurity band below the conduction band of ceria is formed under mildly reducing conditions when electron density is localized on a Pr 3 þ ion (the result of oxygen release) and may transfer, or hop, to an adjacent Pr 4 þ ion [11, 12] . The probability of this polaron hopping mechanism is influenced by the spatial separation of adjacent þ3 and þ4 Pr ions; it is thus sensitive to Pr concentration and oxidation state-which can be modulated via temperature and ambient. In fact, experimental evidence indicates that impurity band formation occurs primarily when x 40.1 in
We recently reported a substantial enhancement in the electrical conductivity of grain boundaries in Gd x Ce 1 À x O 2 À δ upon Pr 4 þ addition (i.e. Gd x Pr y Ce 1 À x À y O 2 À δ ), which was accompanied by a factor of three enrichment in the Pr concentration at grain boundary cores [14] . It was speculated that electronic conductivity via Pr 3 þ polaron hopping at Pr-enriched grain boundaries was the origin of the measured conductivity enhancement; however, spectroscopic evidence was not provided for the existence of a Pr impurity conduction band. Here we show that the Pr impurity band can be detected in nanoparticles of Pr 0.1 Ce 0.9 O 2 À δ using ultra-high energy resolution EELS. The occupancy of the band is determined by the oxidation state of the Pr which can also be determined with EELS. The ability to probe inter-band electronic defect states with nanometer spatial resolution will enable direct interpretation of the relationship between atomic structure and electronic transport or optical properties of defects such as dislocation cores and grain boundaries.
Results and discussion

EELS measurement
PCO nanoparticles approximately 30 nm in diameter, shown in Fig. 1a , were synthesized via spray drying [15] . The as-synthesized particles were initially non-stoichiometric and thus heated under air at 900°C for 3 h to achieve full oxygen stoichiometry before EELS analysis using a Nion UltraSTEM100 STEM operating at 60 kV accelerating voltage. Valence-loss EELS data were acquired under monochromated condition using a dispersion of 3 meV/channel. Under this condition, the zero-loss elastic peak (instrument response function; ZLP) full width half maximum (FWHM) was typically 18 meV to provide reasonable signal-to-noise; the beam current at the specimen was approximately 1 pA. The convergence and collection angles were 30 mrad and 50 mrad, respectively. Eight valence-loss spectra were acquired from particles and particle clusters in random orientations. The spectra were similar suggesting that orientational effects were not prominent in part because of the large convergence and collection angles employed.
A typical annular dark-field image obtained with the monochromated probe is shown in Fig. 1b . It is possible to achieve a probe diameter of 0.3 nm with the monochromator slit adjusted to give 20 meV spectral resolution; however, to achieve higher beam current the probe size was slightly larger than 0.7 nm for the conditions employed here. The high spatial resolution allows the spectra to be correlated with sub-nanometer features in the sample. However the spatial resolution of the energy loss spectra is determined not by the probe size, but by delocalization effects as predicted by dielectric theory, which are likely to be 5 nm or more in this case. Spectra were recorded in both transmission and aloof beam mode (with the beam positioned a few nanometers outside of the particles). No significant difference was observed in the shape of the intensity within the bandgap region, suggesting that radiation damage effects were minimal. The spectra shown here were recorded in transmission mode.
Core-loss EELS data were acquired from Ce M 45 and Pr M 45 edges using a dispersion of 100 meV/channel under non-monochromated condition, under which the ZLP FWHM was approximately 250 meV-the energy spread of the instrument's cold fieldemission gun.
Valence-loss EELS of PCO, shown in Fig. 2a , revealed an interband feature with rising onset and extended plateau ahead of the conduction band onset. An inverse power law function was fit to the ZLP tail such that the background intensity was approximately zero ahead of the plateau onset. The Cherenkov condition for 60 kV electrons (i.e. refractive index of medium, n, must exceed 2.3) propagating through PCO is unlikely to be satisfied (refractive indices for lanthanide-CeO 2 solid solutions (La 0.15 Ce 0.85 O 2 À δ , La¼ lanthanide ion) range from 1.65 to 1.95 [16] ). Typical reported values of n for pure CeO 2 (about 1.8-2.5 for photon energies below approximately 2.7 eV [17, [18] [19] [20] [21] [22] [23] ) are in some cases sufficiently great to satisfy the Cherenkov condition. However for the PCO particles, radiation would likely be suppressed as the 30 nm particle diameter in this work is significantly less than the emitted photon wavelength [24] [25] [26] . Thus no correction for Cherenkov effects was performed during background removal. For reference, valence-loss spectra were acquired from fragments of a crushed bulk CeO 2 solid sample. These data, shown in Fig. 2b , revealed constant intensity within the gap attributed to Cherenkov radiation. The Cherenkov intensity is higher in this specimen in part due to the relatively thicker (greater than several hundred nanometers) fragments that were analyzed. There is no evidence for a significant plateau in the bandgap region from pure CeO 2 .
The PCO conduction band onset was measured to be 3.2 70.1 eV (error is one standard deviation)-taken as the intercept of the energy axis with the linear extrapolation of the conduction band onset, and is consistent with that of our reference CeO 2 (3.2-3.4 eV), and literature (3.0-3.2 eV [21, 29] ). The valenceto-conduction band excitation in CeO 2 is attributed to transitions from occupied levels at the O 2p valence band maximum into unoccupied Ce 4 f states at the conduction band minimum, which are dipole-allowed due to strong covalent hybridization between occupied O 2p states and Ce 4f states, and unoccupied O 2p states and 5d states in CeO 2 [27] [28] [29] [30] . The pre-plateau rise spanned the energy range of approximately 1.4-2.4 eV with the plateau extending from 2.4 eV to the conduction band edge. The inter-band feature was attributed to a Pr impurity band, facilitating electronic transitions from the O 2p valence band into unoccupied Pr 4f levels lying below the Ce 4f levels of the CeO 2 conduction band [12, 13] , stemming presumably from hybridization between O 2p and Pr 4f levels. The plateau onset energy, 1.47 0.3 eV, was taken to be the position of the Pr impurity band.
To verify that the inter-band intensity in the valence-loss spectrum was unambiguously associated with the tetravalent Pr impurity band, we examined Ce/Pr M 45 edge core-loss spectra in an attempt to detect core-level excitations into unoccupied Pr 4f levels associated with Pr 4 þ ions. The M 45 multiplet structure (white lines) in core-loss spectroscopy of lanthanides results from transitions from 3d initial states into unoccupied 4f orbitals according to 3d 10 4f n -3d 9 4f
n þ 1
, with the relative multiplet intensities and spectral fine structure present in each multiplet indicative of cation valence [31, 32] . Thus, the separation between the Ce and Pr M 5 [11] . The Ce and Pr M 45 multiplet structures are well-characterized under þ3 and þ4 valence conditions, and it is thus straightforward to identify spectral components attributable to both tri-and tetra-valent cations from comparison with published electron energy-loss [28, 33, 34] and X-ray absorption spectra [30, 32, [35] [36] [37] .
As a first step to detecting tetravalent Pr in the specimen, Ce and Pr M 45 core-loss spectra, shown in Fig. 3 , were acquired serially with a static electron probe to ensure reduction of Pr 4 þ to Pr 3 þ via electron beam-induced ionization. A representative spectrum is presented in Fig. 3 (Reduced), clearly resolving a lowenergy shoulder on the Pr M 4 edge at about 950 eV consistent with trivalent Pr [36] . Simultaneously the Ce M 45 edge exhibits features consistent with mixed þ4/ þ3 valence: The most intense peaks in each multiplet, as well as associated satellite peaks (approximately 5 eV greater in energy) are the primary white line features for Ce 4 þ [32] ; whereas the clearly resolved lower-energy side peaks on the Ce white lines are the primary features of the Ce 3 þ white lines [36] . accessible for measurement in 11 spectra, and it was thus concluded that Pr was predominantly tetravalent in the specimen.
Spectral modeling
With confidence that the inter-band plateau was associated with the tetravalent Pr impurity band, the experimental valenceloss spectrum (Fig. 2) was characterized following the joint density-of-states (DOS) approximation for the EELS single scattering distribution described by Egerton [38] . This assumes that the variations in spectral intensity over a small range of energy-loss are associated with variations in the valence and conduction band DOS. This was employed to determine the location and width of the unoccupied Pr 4f inter-band state. The single scattering intensity, J 1 (E), a function of energy loss, E, which is related to a 
For EELS collection angles employed here, the convolution is dominated by contributions that follow the dipole selection rule between initial and final states. The single scattering distribution approximates the intensity variation around the bandgap region of the EELS spectrum because particles analyzed were thinner than the electron inelastic mean free path for a 60 kV electron in CeO 2 of $ 50 nm [39] . Furthermore, the valence-to-conduction band excitations responsible for the conduction band onset in the energy-loss spectrum are not significantly affected by plural scattering. We assumed electronic transitions into the unoccupied Pr 4f level were dipole-allowed in the same manner as transitions into Ce 4f final states. Fig. 4a shows symmetry-projected DOS for CeO 2 (calculated in [40] ) adapted by shifting the unoccupied DOS to higher energy to match the band gap measurement described in Fig. 2 . To model the PCO single-scattering distribution, an unoccupied inter-band Pr 4f state was included. This inter-band state was Gaussian, with centroid position and width (at FWHM) varied until principal features in the single-scattering distribution matched the experimental spectrum. In particular, the inter-band plateau onset energy, plateau width, conduction band onset energy and slope were used as optimization parameters. Fig. 4b presents the convolution of the projected DOS in Fig. 4a , and illustrates that electronic transitions from occupied p-and d-type valence band levels into the unoccupied Pr 4f impurity band produce an inter-band plateau. The single-scattering distribution is the sum of the convolved projected DOS, convolved again with a 25 meV (FWHM) Gaussian broadening function representing the instrument response function. The simulated spectra for CeO 2 and PCO are plotted with the experimental PCO spectrum in Fig. 4c . The model CeO 2 distribution lacks the inter-band plateau, instead exhibiting a sharp intensity increase at approximately 3.2 eV, corresponding to the conduction band onset energy of CeO 2 [20, 21, 29] . (In this approach we ignore excitonic interactions, but Fig. 4 suggests they are not a large effect for this case.) The model PCO distribution tracks the plateau and conduction band onset in the experimental PCO EELS data closely, showing that the Pr impurity DOS is a sharp Gaussian function with energy approximately 1.4 eV above the top of the valence band edge, and approximate width of 0.1 eV at (FWHM). Furthermore, the ratio of integrated Pr and Ce 4f DOS, (Pr 4f/Ce 4f) DOS , is 0.10-approximately the solid's nominal cation composition ratio, C Pr /C Ce ¼0.11, suggesting that the spectral intensity of the inter-band state varies linearly with Pr concentration. A summary of the experimentally determined PCO electronic structure and model fitting parameters is given in Fig. 5 .
Changes in the optical properties of PCO with oxidation state changes are also shown in Fig. 5 . As shown in the inset of Fig. 5a , stoichiometric PCO with the Pr 4f impurity band unoccupied results in a deep red solid due to absorption via optical excitation into the Pr impurity band. The color is consistent with transition from the valence band into the Pr 4 þ state determined by EELS (energy difference 1.470.3 eV as seen in Fig. 5 ). Immediately following reduction under flowing H 2 , the PCO nanoparticles appear orange in color due to the presence of Pr 3 þ , which results from charge transfer resulting from oxygen vacancy formation. This yields a partially filled Pr 4f impurity level (shown partially shaded), and color change implying an increase of approximately 0.3 eV in the energy of the Pr 4f state. The energy increase results from the increase nuclear screening of the 4f level due to the additional electron density associated with the Pr 3 þ cation. (Direct EELS measurements were not performed on the reduced sample because it re-oxidized rapidly following exposure to atmosphere at room temperature). Our analysis is consistent with reports of the PCO optical band gap derived from optical transmission measurements and defect analysis [11] [12] [13] .
Conclusion
In summary, high spatial and energy resolution monochromated EELS has been employed to detect a state within the bandgap of $ 30 nm nanoparticles of PCO. Quantitative analysis of the spectra showed that the inter-band state is associated with Pr 4 þ 4f levels, has a width of about 0.1 eV, and is located 1.4 eV above the top of the valence band. The strength of the Pr 4f DOS relative to the Ce 4f DOS scales with the Pr/Ce concentration and is about 0.1. Population and de-population of this state gives rise to color changes in the material attributed to an energy level shift of the impurity state upon population of about þ 0.3 eV. The ultrahigh energy resolution STEM EELS allows inter-band states to be probed with high spatial resolution and should be applicable to other systems where nanocharacterization is required such as grain boundaries, dislocations and precipitates. 
